This study evaluated whether recombinant human insulin-like growth factor-I (rhIGF-I) enhances recovery of renal function and reduces catabolism in rats with ischemic acute renal failure (ARF). ARF and sham rats received subcutaneous injections of either rhIGF-I or vehicle three times daily starting 5 h after surgery. Serum creatinine and urea, which initially rose similarly in the ARF + vehicle and ARF + rhIGF-I rats, increased more slowly after commencing the rhIGF-I injections. 72 h after surgery, the ARF + rhIGF-I rats, in comparison with ARF + vehicle animals, showed significantly greater renal plasma flow and filtration fraction, a fivefold higher glomerular filtration rate, greater renal cortical IGF-I levels, increased proliferating cell nuclear antigen expression in proximal tubule nuclei and enhanced DNA synthesis in the renal cortex, corticomedullary junction, glomeruli, and tubules as demonstrated by I3HIthymidine incorporation and in corticomedullary junction tubules as determined by autoradiography. Estimated total nitrogen output (ETNO) was greater in ARF + vehicle than in ARF + rhIGF-I or sham rats throughout the study. ETNO in ARF + rhIGF-I rats returned to sham values by the second day after surgery. 72 h after surgery, protein degradation was increased and protein synthesis reduced in the epitrochlearis muscle of ARF + vehicle as compared with ARF + rhIGF-I or sham + vehicle rats. Thus, treatment with rhIGF
Introduction
Insulin-like growth factor-I (IGF-I) is a peptide growth factor that promotes hypertrophy and mitosis and stimulates protein synthesis and other anabolic processes ( 1, 2) . In the normal rat or rabbit kidney, IGF-I is synthesized in the glomerulus and collecting ducts (3) . Specific IGF-I receptors have been identified in glomeruli and proximal tubules (4) . In normal rats, recombinant human IGF-I (rhIGF-I)' causes renal hypertrophy and in both normal rats and humans, rhIGF-I acutely increases renal plasma flow (RPF) and glomerular filtration rate (GFR) (5) (6) (7) .
Acute renal failure (ARF) results not only in the accumulation of potentially toxic metabolites but also is associated with increased degradation and reduced synthesis of protein (8, 9) . Because rhIGF-I in normal animals is known to increase RPF and GFR (5, 6) , stimulate renal hypertrophy, and promote anabolism ( 1, 2) , it is possible that rhIGF-I might have a specific role both in enhancing the recovery of renal function and also reducing the catabolic response to ARF. The following study was carried out to test the hypotheses that in rats with ischemic ARE: (a) administration of rhIGF-I will enhance the rate of recovery of renal function, (b) this recovery will be associated with an acceleration of nephron regeneration, and (c) rhIGF-I will also reduce the catabolic rate in these rats.
Methods
Male Sprague Dawley (n = 14; 200-250 g body wt) rats (Charles River Breeding Laboratories, Boston, MA) with ischemic ARF and shamoperated (n = 14) rats were studied. Animals were anesthetized with an intramuscular injection of ketamine (87 mg/kg body wt) and xylazine ( 13 mg/kg body wt), and both kidneys were accessed through bilateral flank incisions. To cause ARF, both renal pedicles were clamped with baby Dieffenbach clamps for exactly 60 min. Sham rats underwent a similar procedure without clamping the renal pedicles. The wounds were closed with sutures and skin clips. Throughout anesthesia, the body temperature was maintained with a heating pad. Rats were kept in individual metabolic cages during the 72 h immediately after the surgery. Animals were not given any food but had free access to water containing 5% dextrose.
After surgery, the ARF and the sham rats were each randomly assigned to one of the following two treatment groups: (a) Seven ARF and seven sham rats received subcutaneous injections of rhIGF-I (Ciba-Geigy Corp., Summit, NJ), 50 gg/ 100 g body wt three times per day at 0800, 1300, and 2000 h (ARF + rhIGF-I, sham + rhIGF-I). Injections were begun at 5 h after induction of ARF. (b) Two other groups of ARF and sham rats (n = 7 for each group) received equal volumes of vehicle injections (i.e., normal saline) instead of rhIGF-I also at the same times (ARF + vehicle, sham + vehicle). Before surgery (baseline) and at 5, 24, 48 , and 72 h after induction of ARF or sham surgery, -150 Al of tail blood was obtained to measure the serum concentrations of IGF-I, creatinine, and urea nitrogen (SUN). Urine was collected for each ofthe three 24-h periods after surgery to measure nitrogen excretion.
At 72 h after surgery, GFR was measured as the clearance of [ 3H Jinulin and RPF was calculated from the ['4Cjparaaminohippurate (PAH) clearance and the renal extraction ofPAH (EPAH) as previously described (5) . After the clearance studies, both kidneys were removed. Approximately 200 mg of renal cortex and of liver was obtained for extraction and measurement of IGF-I.
A coronal midsection of the kidney was obtained, placed in alcoholic Bouin's solution, embedded in paraffin, and cut; slides were stained with the periodic acid-Schiff method for histologic evaluation. Proliferating cell nuclear antigen (PCNA) expression was evaluated as previously described (10) . Kidney sections were mounted on poly-Llysine-coated slides and incubated for 15 min with 3% methanolic peroxide to consume endogenous peroxidase. Sections were incubated with a monoclonal antibody to PCNA (PC-10 clone, DAKO Corp., Carpenteria, CA) at 1:500 dilution for 30 min, followed sequentially by a universal biotinylated anti-immunoglobulin for 30 min and streptavidin peroxidase for 30 min (both reagents from Lipshaw Immunon, Pittsburgh, PA). Antibody localization was performed using the peroxidase reaction with 3,3'-diaminobenzidine tetrahydrochloride (Aldrich Chemical Co., Milwaukee, WI). Slides were counterstained with hematoxylin and mounted with permount. A negative control slide for each animal was incubated with non-cross-reacting monoclonal antibody to factor VIII; it stained negative in all nuclei but positive in endothelial cell cytoplasm, thereby confirming tissue immunoreactivity. The slides were scored in a blinded fashion (by Dr. Cohen) using a semiquantitative scale from 0 (least PCNA staining) to 4 (greatest PCNA staining) for the frequency of positively stained nuclei. One slide containing a coronal section of a kidney from each rat was examined in its entirety. For the analysis, the outer two-thirds of the cortex and the corticomedullary junction were each completely surveyed and scored.
To further quantify the mitogenic effects of IGF-I on the kidney, 14 To ascertain that all animals had similar rates of thymidine absorption from the peritoneal cavity, the radioactivity of aortic serum was also counted. Autoradiography of the rat kidney tissue was performed as previously described ( 13) .
To examine whether any anabolic effect of rhIGF-I could be associated with increased synthesis and/or reduced degradation of muscle protein, a separate study was carried out in ARF + rhIGF-I rats (n = 9), ARF + vehicle animals (n = 8) and sham + vehicle controls (n = 6). Fasting rats received injections ofrhIGF-I or vehicle for 72 h after surgery at the same dosages and times as described above. At 72 h after surgery, the animals were anesthetized with ketamine and xylazine, and the epitrochlearis muscles were removed, placed in KRB (pH 7.4 containing chloramphenical 0.3 mg/liter), and constantly gassed with 95% 02/5% C02-Muscle protein synthesis and degradation were measured as previously described (9, 14, 15 ( 16) . Protein synthesis was calculated by dividing the radioactivity in muscle protein during the 2-h incubation period by the specific activity of tyrosine in the medium.
The method for measuring protein degradation was the same as for protein synthesis except that 0.5 mM ofthe protein synthesis inhibitor cycloheximide was added, and neither labeled nor unlabeled tyrosine was included in the incubation media. After 2 h of incubation, the media was deproteinized with TCA, and the tyrosine content of the deproteinized medium was measured. Protein degradation was calculated from the rate ofrelease oftotal tyrosine into the media during the 2-h incubation. Both protein synthesis and degradation are expressed as nanomoles tyrosine per gram muscle weight per hour.
IGF-I was extracted from renal cortex, liver, and serum before measurement by RIA. Renal cortex and liver were homogenized in 1.0 M acetic acid and extracted twice with acid ethanol. Serum was acidified with 0.5 M HCl for 2 h at room temperature and separated from the binding proteins with HPLC on an acetonitrile gradient in 0.1% trifluoroacetic acid using a C-18 peptide column (VYDAK, Hisperia, CA). IGF-I was measured by specific RIA as previously described (6) .
Serum creatinine and SUN were measured by routine laboratory methods. Estimated total nitrogen output (ETNO) was calculated as the sum of the urinary urea nitrogen and ammonium nitrogen and the change in body urea nitrogen, which was determined as previously described (8 The ARF + vehicle rats demonstrated a marked reduction in RPF and GFR as compared with the sham + vehicle animals ( Table I ). The ARF rats treated with rhIGF-I displayed a GFR that was approximately fivefold greater than in the ARF + vehicle rats (P < 0.05, Table I ). RPF was also increased in the ARF + rhIGF-I rats as compared with the ARF + vehicle animals (P < 0.05) but to a more modest degree. Thus, the ARF + rhIGF-I rats displayed a higher filtration fraction than the ARF + vehicle animals (P < 0.05). Despite this improvement in renal function, the RPF, GFR, and filtration fraction in ARF + rhIGF-I rats were still significantly lower than in sham + vehicle animals. Consistent with our previous findings in normal rats receiving rhIGF-I (5, 6), the sham + rhIGF-I rats showed a higher RPF and GFR than the sham + vehicle animals (Table I) . ARF resulted in a severe reduction in EpAH as compared with the sham-operated controls (Table I ). The EPAH was decreased most markedly in the ARF + vehicle rats.
The renal extraction of PAH was greater in the ARF + rhIGF-I rats, but was still significantly lower than in the sham + vehicle rats. The EPAH was not different in the sham + rhIGF-I rats as compared with the sham + vehicle controls. Serum IGF-I levels did not change significantly in the ARF and sham animals that did not receive rhIGF-I (Fig. 3) . In both the ARF and sham rats treated with rhIGF-I, the serum levels rose to about twice baseline (Fig. 3) . The liver IGF-I levels at 72 h after surgery were similar in all four groups of rats (Table  II) . The mean renal cortical IGF-I levels at 72 h in the ARF + vehicle and ARF + rhIGF-I rats were both reduced to 41% and 57% of the values of the sham + vehicle animals, respectively (P < 0.05 for each group). However, the cortical IGF-I concentrations were also significantly lower in the ARF + vehicle rats as compared with the ARF + rhIGF-I rats. In contrast, the sham + rhIGF-I rats did not have increased cortical IGF-I levels as compared with the sham + vehicle animals.
The DNA synthesis measured as thymidine incorporation into DNA was significantly greater in the ARF + rhIGF-I rats as compared with the ARF + vehicle animals in each of the four tissue components measured (Table III) . rhIGF-I treatment was associated with an increase in thymidine incorporation into DNA of about fourfold in the renal cortex, sevenfold in the corticomedullary junction, fivefold in the glomeruli, and sevenfold in separated tubular cells. Each of these measurements of thymidine incorporation was significantly greater (P < 0.05) in the ARF + rhIGF-I rats as compared with the ARF + vehicle animals. The serum thymidine levels were similar in both groups. Light microscopy showed severe proximal tubular necrosis in both groups ofARF rats. Tubular necrosis was most pronounced in the corticomedullary junction corresponding to the second and third proximal tubular segments. Nephrons in both sham-operated groups appeared to be normal. Counting of mitoses in proximal tubules in 50 consecutive high power fields showed a tendency, not significant, for more frequent mitoses in the ARF + rhIGF-I rats than in the ARF + vehicle animals. Autoradiography localized most of the radioactivity to the proximal tubule cells in the corticomedullary junction (Fig. 4) . There was considerably more precipitation of silver chloride in the tubule cells from the ARF + rhIGF-I rats than the ARF + vehicle animals. In the ARF + vehicle rats and both groups of sham controls the glomeruli were autoradiographically negative. However, in ARF + rhIGF-I rats occasional glomeruli showed [3H ]thymidine tracings in parietal epithelial cells.
The PCNA expression in proximal tubule cell nuclei is shown in Table IV. In the ARF + vehicle rats as compared with the sham + vehicle animals, there was significantly greater PCNA staining in the corticomedullary junction and in the outer two thirds of cortex; no differences were observed between the ARF + vehicle rats and the sham + rhIGF-I animals. The ARF + rhIGF-I rats displayed significantly greater proximal tubule PCNA staining in both the outer two thirds of the cortex and the corticomedullaryjunction as compared with the ARF + vehicle rats and the sham + vehicle animals. PCNA expression in distal tubule cell nuclei in these same kidney sections tended to show similar alterations as were observed for the proximal tubule cells in the ARF + vehicle and ARF + rhIGF-I rats.
The ETNO in the ARF + vehicle rats during the first 24 h after surgery was markedly increased as compared with the sham + vehicle and sham + rhIGF-I rats (Table V) . The ETNO fell progressively during the next 2 d in the ARF + vehicle rats, but remained significantly greater than in the sham animals during each 24-h period. The ETNO in the ARF + rhIGF-I rats was also significantly greater than in the sham + vehicle or sham + rhIGF-I animals during the first 24 h after surgery. Subsequently, in the ARF + rhIGF-I rats, the ETNO fell rapidly to the sham control levels ( Table V) . The ETNO was significantly lower in the ARF + rhIGF-I rats as compared with the ARF + vehicle animals during each 24-h period of study. There was no difference in the ETNO between the sham + vehicle and sham + rhIGF-I rats during any given day after surgery.
Epitrochlearis muscle protein synthesis at 72 h after surgery was significantly reduced in the ARF + vehicle rats as compared to the sham + vehicle animals (Table VI) . On the other hand, protein synthesis was significantly greater in the ARF rats given rhIGF-I as compared with both the ARF + vehicle rats and sham + vehicle animals. Muscle protein degradation was significantly greater in the ARF + vehicle rats as compared with the sham + vehicle animals (Table VI) . In contrast, protein degradation was significantly lower in the ARF + rhIGF-I 
Discussion
In this study we investigated whether treatment with rhIGF-I accelerates the recovery of renal function and reduces the catabolic rate in rats with experimental ischemic acute renal failure. The results clearly demonstrate that rhIGF-I improves renal function in these rats, as estimated by the lower serum creatinine levels as well as by direct measurements of RPF and GFR at 72 h after surgery. Furthermore, rhIGF-I reduces the total nitrogen output in rats with ARF. There are possibly two mechanisms by which rhIGF-I increased RPF and GFR. First, rhIGF-I probably had a direct hemodynamic effect on the kidney. The evidence for this is the fact that the serum creatinine rapidly responded to rhIGF-I treatment. The serum creatinine at 5 h after surgery was virtually identical in the two groups of ARF rats, indicating that the severity of renal injury and the degree of renal failure were similar in these two groups (Fig. 1 ). Yet, 19 h later the serum creatinine was significantly lower in the ARF + rhIGF-I rats as compared with the ARF + vehicle animals. This rapid response to rhIGF-I is suggestive of a hemodynamic action of this com- pound and is consistent with our previous findings in normal rats that rhIGF-I rapidly increases RPF and GFR (5) . This increase in renal hemodynamics in normal rats appears to be due to a reduction in afferent renal arteriolar resistance, a rise in the glomerular permeability coefficient (LpA) and possibly to a reduction in efferent renal arteriolar resistance (6) . The finding that the filtration fraction did not change in the normal rats given rhIGF-I (5, 6) but increased more than threefold in the ARF rats (Table I) indicates that the mechanism of action of rhIGF-I in rats with ischemic ARF may be somewhat different, probably by exerting its predominant effect of LpA. Second, other evidence suggests that rhIGF-I may accelerate healing from acute ischemic nephron injury by its mitogenic actions. There was significantly greater DNA synthesis in the renal cortex, corticomedullary junction, isolated glomeruli, and tubules of the ARF + rhIGF-I as compared to the ARF + vehicle rats as indicated by [3H]thymidine uptake (Table   III) . Autoradiography demonstrated that the radioactivity was largely localized to the proximal tubule cells in the corticomedullary junction. Also, PCNA expression, although increased in the outer two thirds of the cortex and the corticomedullary junction in the ARF + vehicle rats as compared with the sham + vehicle animals, was greater in the ARF + rhIGF-I rats than in either of these other two groups of animals (Table IV) . PCNA is a 36-kD DNA polymerase-delta protein that is in- (20) . To the authors' knowledge, this is the first report that IGF-I stimulates mitogenesis in the mature kidney. Because rhIGF-I was not administered until 5 h after the reestablishment of blood flow in the ischemic kidney, it is unlikely that rhIGF-I protected the ischemic kidney against injury. Rather, it most probably accelerated recovery by the two mechanisms described above.
The disproportionately greater reduction in the GFR as compared to the RPF (i.e., low filtration fraction) and the very low EPAH in the ARF + vehicle rats at 72 h after surgery (Table  I) are similar to previous findings in rats with ischemia induced ARF (21 ). These results were previously attributed to a severe reduction in LpA secondary to ischemic glomerular injury (22) . It is of interest that treatment with rhIGF-I caused a disproportionate increase in GFR, to 485% of the vehicle treated ARF rats, as compared with the rise in the RPF to only 128% of values in the ARF rats given vehicle. In the ARF + rhIGF-I rats as compared to the ARF + vehicle animals, the EPAH rose greater than the increase in GFR (Table I) (23) , these findings provide evidence that rhIGF-I enhanced recovery of proximal tubule cell function as well as GFR and RPF.
Several reports suggest that growth factors may play a role in the kidney repair from ischemic or toxic ARF ( 13, (24) (25) (26) . In ARF, there is initially a decrease in pre-pro EGF mRNA and the urinary excretion of EGF also falls ( 13) . Administration of exogenous EGF, a potent mitogen for renal tubular cells, appears to enhance proximal tubular cell mitosis and recovery of renal function in rats with ARF (24) (25) (26) .
In the kidney of normal adult animals, IGF-I appears to be produced in the collecting duct but not in proximal tubule cells (3, 27) . However, IGF-I and IGF-I mRNA have been identified by immunohistochemistry and in situ hybridization in the proximal tubule cells of rats recovering from ARF (28, 29) .
These findings are consistent with the possibility that IGF-I plays a role in tubular cell repair after acute injury. It is pertinent that the renal cortical IGF-I concentrations were reduced in the ARF rats given vehicle, and these values were increased, although not to normal levels, in the ARF rats receiving rhIGF-I (Table II) .
Net protein breakdown appeared to be similar in the ARF + rhIGF-I and the ARF + vehicle rats during the first 5 h after surgery, before rhIGF-I treatment was inaugurated. This inference is based on the finding that the SUN and the SUN/serum creatinine ratio at 0 and 5 h were similar in these two groups of rats. However, during the first 24 h after surgery, the ETNO was significantly lower in the ARF + rhIGF-I rats than in the ARF + vehicle animals (Table V) . Moreover, after the first 24 h, the ETNO was no different in the ARF + rhIGF-I animals as compared with the two groups of sham rats, whereas it remained elevated in the ARF + vehicle rats. These findings indicate that rhIGF-I dramatically reduced the net catabolic rate in the ARF rats. The estimated nitrogen output was rather low in the groups of sham-operated rats. This may reflect the fact that the rats were given 5% dextrose in the drinking water because of concern that rhIGF-I might cause hypoglycemia in these fasted animals. The amount of calories derived from the D-glucose in the drinking water may have reduced the net protein catabolism in these rats.
The finding that muscle protein degradation was increased and synthesis decreased in the ARF + vehicle rats as compared with the sham + vehicle animals is consistent with the higher negative nitrogen balance in the former animals, as indicated by their greater ETNO (Table V) . These results also support previous findings that ARF in rats is associated with enhanced degradation and reduced synthesis of skeletal muscle protein (8, 9) . The observation that muscle protein degradation was lower and synthesis greater in the ARF + rhIGF-I rats as compared with ARF + vehicle rats also is consistent with the lower ETNO and, hence, less negative nitrogen balance in the ARF + rhIGF-I rats. This anabolic effect ofrhIGF-I might be due, in part, to an improved metabolic milieu secondary to the improved renal function in the ARF + rhIGF-I rats. However, it is unlikely that such improvement in renal function accounts for all of the anabolic effects of rhIGF-I. The finding that muscle protein degradation was decreased and muscle protein synthesis was greater in the ARF + rhIGF-I rats as compared with the sham + vehicle rats, even though the RPF and GFR were lower in the former animals, suggests that rhIGF-I probably exerted anabolic effects on skeletal muscle that were independent ofits actions on renal function.
The findings of this study are potentially of substantial significance, because ARF is frequently associated with reduced protein synthesis and, increased protein degradation in skeletal muscle and elevated nitrogen losses (8, 9, 30) . In humans with ARF, the net catabolic rate can be markedly elevated (30). Thus, an agent that both enhances recovery of renal function and reduces the net catabolic rate may be particularly useful in the management of ARF. Another unique feature of this study was that rhIGF-I enhanced the recovery of renal function and reduced the net catabolic rate even though it was not administered until 5 h after surgery. Thus, rhIGF-I might be ofparticular value because it may exert its effects even when administered after ARF is established.
